We carried out a prospective randomised study designed to compare the penetration rate of acetabular polyethylene inserts of identical design but different levels of cross-linking at a minimum of four years follow-up. A total of 102 patients (102 hips) were randomised to receive either highly cross-linked Durasul, or contemporary Sulene polyethylene inserts at total hip replacement. A single blinded observer used the Martell system to assess penetration of the femoral head. At a mean follow-up of 4.9 years (4.2 to 6.1) the mean femoral head penetration rate was 0. 
The metal-on-polyethylene bearing couple remains the most common articulation 40 years after its introduction in total hip replacement (THR). [1] [2] [3] The main reason for failure and revision using this couple is usually related to polyethylene wear and peri-prosthetic osteolysis, leading to loosening. This matter was first addressed by Grobbelaar, du Plessis and Marais 4 in South Africa and Oonishi et al 5 in Japan in the late 1970s, with the use of highly-cross-linked ultra-high molecular weight polyethylene (UHMWPE) produced by highdose gamma radiation. Current methods of cross-linking include gamma-or electronbeam radiation at doses between 5 mRad and 10.5 mRad, followed by a post-irradiation thermal treatment to reduce or eliminate free radicals in the material. 6 A number of in vitro studies have shown major improvements in the wear characteristics of these materials compared with non-highly-cross-linked polyethylene. [7] [8] [9] [10] [11] [12] However, there is debate about the potential reduction in mechanical properties of highly-cross-linked UHMWPE. [13] [14] [15] We have identified ten clinical prospective controlled studies comparing highly-cross-linked with non-highly-cross-linked polyethylene in THR, with up to seven years' follow-up. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] These studies found increased resistance to wear of highly-cross-linked polyethylene, but the magnitude of wear reduction in clinical practice might not be as great as the laboratory findings. 17, 24 Only three of these studies had a minimal four-year follow-up, 17, 19, 20 only two were randomised, 19, 20 and none used a blinded evaluation. Half of these studies used polyethylene sterilised by gamma radiation in air for the comparison; this latter material can no longer be considered as an implantable material. The aim of this blinded prospective randomised study was to evaluate the minimum four-year follow-up wear performance of polyethylene inserts of the same design in two configurations, highly-cross-linked and current nonhighly-cross-linked, using the Martell system. 26 
Patients and Methods
Between August 2000 and December 2001, 102 non-selected patients (102 hips) with primary or secondary osteoarthritis requiring THR were enrolled in the study. There were 50 women and 52 men, with a mean age of 70.6 years (44.1 to 85.2), a mean height of 164.5 cm (146 to 180), a mean weight of 71.2 kg (44 to 105) and a mean body mass index (BMI) of 26.2 kg/m 2 (17.6 to 39.6). The patients were randomised using a ten-elements permutation table to receive either highly-cross-linked (Durasul; Zimmer GmbH, Winterthur, Switzerland) or contemporary (Sulene, Zimmer) polyethylene inserts of the same design. The insert was allocated by the circulating nurse. All patients gave informed consent. There were 49 patients in the Durasul group, and 53 in the Sulene group. No stratification procedure was carried out. Implants. The Durasul inserts were made from compression-moulded GUR 1050 UHMWPE bars that were manufactured to pre-forms and subsequently heated to 125˚C in an air convection oven. The pre-forms were warmirradiated with adiabatic heating, using an electron beam accelerator to an absorbed dose level of 9.5 mRad. After cross-linking, the pre-forms were heated to a temperature above the material's crystalline melting point until complete melting was achieved (150˚C for two to three hours), and then cooled to room temperature. The final components were then machined out of the pre-forms and sterilised using ethylene oxide gas (EtO). The Sulene inserts were machined from compression-moulded GUR 1020 UHMWPE. They were sterilised with 2.5 mRad to 4 mRad of gamma irradiation in an atmosphere of nitrogen (so-called γ N 2 process). Both types of insert were identical in design and could not be identified from radiographs.
All patients received Emeraude stems with 12/14 morse taper (Zimmer, Centerpulse Orthopaedics Ltd, Winterthur, Switzerland) made of Protasul-S30 (ISO 5832-9) stainless steel, and Fitmore cementless acetabular components (Zimmer) made of pure titanium with a mesh and two screw holes (Protasul-Ti, Zimmer). In all hips, a 28 mm diameter femoral head made of cobalt-chromium (CoCr) was used. Surgical technique. One of the authors (PT) carried out all the procedures through a posterolateral approach. The femoral components were fixed with Sulcem bone cement (Zimmer) using a second-generation cementing technique of distal plugging, retrograde injection and pressurisation. The acetabular components were impacted into a line-to-line reamed acetabulum (interference fit). Additional fixation with screws was required in 41 hips (40%) to achieve primary stability of the acetabular component. The modular polyethylene liner, fixed at the rim, was snapped into the acetabular component. Post-operative treatment. Post-operative management was identical for both groups and included the administration of systemic antibiotics for 48 hours, prophylactic anticoagulation with enoxaparin, 40 mg/day for five weeks, and ketoprofen non-steroidal anti-inflammatory drugs at 100 mg/day (Ketoprofen for five days, enoxaparin for five weeks) as prophylaxis against heterotopic ossification. Immediately after the operation, passive exercises were performed with the assistance of a physiotherapist, and were continued until active movement of the hip was possible. The patients were permitted to walk with two crutches after three days. Full weight-bearing was allowed immediately as tolerated. Radiological evaluation. The primary method of evaluation was linear penetration as an assessment of wear and creep using the Martell system. 26 All measurements were done on anteroposterior radiographs of the pelvis, taken with the X-ray beam centred on the symphysis pubis. Radiographs were taken with the patient supine, within three months of operation (mean 3.3 months, 2.8 to 3.6) and at the latest follow-up (mean 4.9 years, 4.2 to 6.1). The radiographs were digitised using the Vidar VRX-plus (Vidar System Corporation, Herdon, Virginia), using a pixel density of 150 dots per inch, and linked to an IBM-compatible computer. The Martell Hip Analysis Suite (version 8.0.1.5; JM Manlell, Chicago, Illinois) is a validated computer-assisted edge detection method. Only a two-dimensional penetration analysis was performed in the current study; although it has a lower accuracy and detects 10% less penetration than the three-dimensional technique, it has a four times higher precision. 27, 28 This software allows measurement of the linear vector of penetration, and calculation of volumetric penetration based on the magnitude of femoral head displacement, the direction of displacement with respect to the acetabular face, and the size of the femoral head. This updated version of the Martell system also allows for comparability of the radiographs analysed and will exclude pairs with more than 25˚ rotational difference of the pelvis. Values of the abduction angle of the acetabular component were calculated using the Hip Analysis Suite. All radiological analyses were performed by the same independent observer (MH), who was blinded to the type of insert evaluated. The reproducibility of the measurements was evaluated from 23 double examinations performed in a random order. The absolute mean value ± 2.8 standard deviation (SD) of the differences was calculated. The reproducibility (99% confidence limits) was 0.08 mm for femoral head penetration. The influence of several patient-related factors on polyethylene penetration was assessed, including the age of the patient at the time of arthroplasty, activity evaluated according to the classification of Devane et al, 29 (class I, sedentary; class II, semi-sedentary; class III, leisure activities; class IV, light job, non-contact sports; class V, strenuous labour, contact sports) gender, and BMI. The effect of the size and inclination angle of the acetabular component were also evaluated. Clinical evaluation. The functional results of the THR were rated according to the Merle d'Aubigné 30 grading system. The hip score was classified as excellent (18 points), very good (17 points), good (16 points), fair (15 points), poor (14 points), or bad (≤ 13 points). The clinical follow-up was performed by two of the authors (PT, MH), including the operating surgeon. Statistical analysis. Non-parametric tests were used to evaluate the differences between the two groups. The influence of numerous variables on linear and volumetric penetration rates was assessed using Spearman's correlation test, the Mann-Whitney or the Kruskal-Wallis test, as appropriate. Significance was determined using StatView statistical software version 5.0 (SAS Institute, Cary, North Carolina) and defined as a p-value < 0.05. A post hoc power analysis was performed to assess the power to detect differences in penetration rates between the two study groups.
Results
Of the 102 patients included in the study, 12 (five in the Durasul and seven in the Sulene group) died before the minimum four-year follow-up for reasons unrelated to the THR. Two patients, one in each group, were lost to followup and two patients, one in each group, were revised. In total, 11 patients (four in the Durasul and seven in the Sulene) refused or were unable to attend follow-up visits for reasons not related to the result of the THR. Inadequate final radiographs were excluded by the software in five patients in the Durasul group and three in the Sulene group. The remaining 67 patients (33 in the Durasul and 34 in the Sulene group) had adequate and complete clinical and radiological evaluation at a minimum of four-years' followup, with a mean follow-up of 4.96 years (4.3 to 5.8) and 4.98 years (4.2 to 6.1) in the Durasul and Sulene groups, respectively. No statistically significant differences were found in the baseline data between the two study groups (Table I) .
Post-operative complications occurred in four of the 102 hips (3.9%). An isolated dislocation of the hip occurred in one patient with a Durasul insert at two months post-operatively. One patient in the Durasul group had a non-fatal pulmonary embolism attributed to an asymptomatic deep-vein thrombosis. One patient in the Durasul group had revision of both components for (Table II) , no significant correlation was found between both linear and volumetric penetration rates and the parameters evaluated.
There was no significant relationship in either group between penetration and gender (Table III) . In neither group was wear significantly related to activity with the numbers available (Table III) . However, a trend that did not reach significance was observed for an increase of both linear and volumetric penetration rates with Devane class 5 patients in the Sulene group. The use of additional screws did not significantly influence the penetration rate 
Discussion
Over the last decade great interest has been shown in the development and use of alternative bearing materials in THR to reduce the occurrence of osteolysis and improve the survival of implants. Among contemporary materials, the advantages of highly-cross-linked polyethylene are related to the familiarity, adaptability and cost of the material. 31 In vitro experiments have produced considerable data, [7] [8] [9] [10] [11] [12] as has examination of retrieved components, 32, 33 demonstrating that cross-linking could significantly improve the resistance to wear of polyethylene. However, before general usage can be recommended, there is a need for data appraising the clinical behaviour of this material. The results of the current study are consistent with those of the other available controlled studies comparing the penetration rate of various highly cross-linked polyethylenes to non-highly-cross-linked material at follow-up ranging from 18 to 86 months (Table IV) . [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In all these studies, the penetration rate or the total penetration, according to the method of measurement, was found to be significantly lower for the highly-cross-linked polyethylene group of patients than for the control group. However, half of these studies used polyethylene sterilised by gamma irradiation in air for the control group. This latter material is known to be sub-optimal in terms of wear performance owing to the presence of free radicals. This limitation does not apply to the current study, as the control polyethylene was sterilised by gamma irradiation in nitrogen. In addition, efforts have been made to avoid any bias, as the only uncontrolled variable in this study was the use of additional screws, which did not significantly influence the rate of penetration of the femoral head. Also, the mean follow-up in each study group was 4.9 years, with a minimum of four years. A limitation of the current study was that only 67 of the 102 hips could be included in the final analysis. However, except for two who were lost to follow-up, the status of all patients was known at last followup. Eight hips were excluded by the software because the final follow-up radiographs were inadequate, thereby increasing the validity of our data due to analysis of comparable pairs of films. Another limitation, also applicable to the reports summarised in Table IV , is the relatively short follow-up, nearing five years, in the two groups of patients. However, Dowd et al 34 and Hopper et al, 22 have shown that there is a significant correlation between the penetration data predicted from the 18-to 24-month data and the actual longterm data. These authors have shown that the penetration rate of polyethylene could be considered linear after 18 months. It can thus be assumed that penetration rates obtained after two-year follow-up are likely to be predictive of long-term penetration, provided that measurements have an accuracy of less than 0.2 mm. 34 The twodimensional Martell method of measuring femoral head penetration based on the sole use of anteroposterior views of the pelvis has been recently evaluated on a phantom model. 35 The reported precision and accuracy averaged within 25 µm and 61 µm, respectively. These results are inferior to those obtained by the same authors when assessing the precision and accuracy of radiostereometric analysis (RSA) under similar conditions, 36 but are far superior to 0.2 mm. 34 The Martell method is also less expensive and cumbersome than RSA, and as it does not necessitate the intra-operative insertion of markers, it can be used retrospectively, whereas RSA can only be applied to a limited number of patients in prospective clinical trials.
The linear and volumetric penetration rates found in the current report are higher than those reported by Digas et al, 18 Manning et al, 23 Dorr et al, 19 and Bragdon et al 16 with the same highly-cross-linked electron-beamed remelted polyethylene. The reduction in wear rate in our report, as found in some other studies, 20, 27 was not as good as that reported in in vitro studies. [9] [10] [11] This observation could be attributed to the fact that when calculating the penetration of the femoral head into the polyethylene, actual wear (loss of material) and creep are calculated together. In a simulator study by Estok et al 37 it was demonstrated that during the first two million loading cycles, creep was predominant over wear. In order to reduce to some extent the influence of creep on total penetration, some authors have used the two-year follow-up radiograph as the reference radiograph, or the annual penetration defined as the amount of penetration each year. 16, 19, 23 Using this method, the mean steady-state penetration rate of highly-cross-linked polyethylene was 0.007 mm/year (SD 0.022) in the study by Manning et al. 23 These figures were 95% lower than those for gamma implants irradiated in air in a matched-pairs population. 23 Using a similar method, Bragdon et al 16 reported a steady-state penetration rate of 0.025 mm/year for Durasul polyethylene. We could not apply this method in the current study owing to the limited number of radiographs available at the two-year follow-up.
There remains debate on the potential reduction in mechanical properties of highly cross-linked polyethylene. Some studies have demonstrated that a high dose of radiation can reduce the resistance to crack propagation. 13, 14 Also, the post-irradiation thermal treatment intended to reduce (below fusion point temperature, < 150C˚) or completely extinguish (above fusion point temperature, > 150˚C) the free radicals from the polyethylene could reduce the mechanical properties of the material, especially when remelted. Therefore, the optimum method of manufacturing highly-cross-linked polyethylene is still debatable. The exact balance between higher performances in terms of wear resistance obtained through high-dose radiation and a remelting process, and the limitations of the mechanical properties of the material remains to be found. However, except for occasional case reports 15 with poor placement of the acetabular component or a large-diameter femoral head, it should be noted that none of the prospective studies evaluating various highly-cross-linked polyethylenes have reported failures that could be attributed specifically to the material. In the current study, the use of polyethylene inserts articulating with a 28 mm head, allowing for a minimum thickness of the polyethylene socket greater than 9 mm, should avoid any mechanical failures of the polyethylene.
From the current data and the review of the literature, we conclude that significantly reduced penetration can be obtained in vivo in the short term with the use of highlycross-linked polyethylene. However, longer term results are needed to investigate whether less osteolysis will occur.
